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CO 


METHODS AND DEVICES FOR COORDINATING THE 
TRANSMISSIONS OF ACCESS POINTS IN WLANs 


BACKGROUND OF THE INVENTION 


[0001] 


Recently, research has been completed related to 


techniques which seek to provide "fairness" (i.e., a minimal allocated 
bandwidth) and quality of service ("QoS") guarantees for wireless local 
area networks (WLANs). For example, co-pending U.S. Patent 


Providing a Relative Level of Fairness and QoS Guarantees to Wireless 
Local Area Networks" discloses techniques which divide a contention 
free period ("CFP") into a plurality of slots. Thereafter, only non- 
interfering access points are allowed to transmit during one or more 
10 slots which have been allocated or assigned to each access point 
("AP"). By only allowing non- interfering access points to transmit 
during an assigned or allocated slot, problems (e.g., hidden node and 
overlapping cell problems) associated with providing fairness and QoS 
guarantees are eliminated. 

15 [0002] Co-pending U.S. Patent Application No. 

sets forth one criteria which may be used to determine the number of 
CFP slots to assign to an AP, that being, assigning slots to APs such 
that a lower bound of AP slot-to-user ratios is maximized. Based on 
this criteria, co-pending U.S. Patent Application No. 

20 ensures that every AP has at least one slot during which it is allowed 
to transmit. That said, co-pending U.S. Patent Application No. 

is not necessarily directed at determining how long an 

access point will be allowed to transmit during a CFP (i.e., how many 
transmission slots should be assigned to each access point) or when 

25 an access point will be allowed to transmit (i.e., during which slots, 
hereafter referred to sometimes as "slot sequence"). 

[0003] It is therefore desirable to provide methods and devices for 
detemiining the number of transmission slots to assign to each AP 


5 Application No. 


entitled "Methods and Devices for 
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and the slot sequence for each AP based on a maximal, lower bound of 
AP slot-to-user ratios. Collectively, the assignment of slots, slot 
sequence (as well as other functions) may be referred to as 
coordinating AP transmissions in a WLAN during a CFP. 

SUMMARY OF THE INVENTION 
5 [0004] In accordance with the present invention, the number of 
slots and slot sequence to assign to each AP in a CFP is provided by a 
method that first estimates a number of slots for each AP associated 
with the CFP. These estimates, along with an interference graph 
associated with every AP, are used to generate estimated slot 

10 sequences, slot assignments and a transmission frequency for each 
AP. In order to determine whether these second estimates are 
practical, a total number of slots used in the second estimation 
process is compared to a total number of known, available slots. If the 
estimates are practical, the slot assignments are then checked to see if 

15 they meet an optimal assignment scheme. If an optimal assignment 
scheme is met, no further adjustments are necessary and the slot 
assignments, slot sequences and frequencies can be applied to each 
respective AP. If an assignment scheme is impractical or is not 
optimal, then the slot-to-user ratio of each access point is adjusted 

20 (e.g., increased or decreased) and the process is repeated until a 
practical and optimal assignment scheme is generated. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0005] FIG. 1 depicts a simplified, functional block diagram of 
components of one embodiment of the present invention. 

25 [0006] FIG. 2 depicts a simplified, interference graph according 
to one embodiment of the present invention. 

[0007] FIGS. 3-5 depict some simulations comparing results of 
the present invention against existing techniques. 
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DETAILED DESCRIPTION OF THE INVENTION 
[0008] Referring now to FIG. 1, there is shown a simplified block 
diagram illustrating a slot assignment unit 1 which may be used to 
determine the number of slots of a CFP to assign to each AP and the 
5 slot sequence for each AP based on a maximal, lower bound of AP, 
slot-to-user ratios. The unit 1 comprises a slot assignment decision 
unit 2 and a potential, frequency and slot generator 3 (hereafter 
"generator"). 

[0009] In one embodiment of the present invention, an available 
10 number of slots, R, frequencies F, and a total number of users, rriv, for 
each access point, u, may be input into decision unit 2. In addition to 
these inputs, an interference graph, G (i.e., data making up such a 
graph) may also be input into unit 2. 

[00 lO] Upon receiving these inputs, unit 2 is operable to estimate 
15 a slot-to-user ratio, p, where p = — , and where r v represents the 

Wv 

number of slots assigned to each AP, the total number of users 
associated with each AP, and p falls in the range defined by 
maxv {mv * p} ^ R for each AP. It should be understood that the first 
estimates of slot-to-user ratios may simply be guesses. 

20 [0011] After generating an estimate of p for each AP, the unit 2 is 
operable to estimate the number of slots to assign to each AP, r v and 
then forward these values of r v on to the generator 3. 

[0012] Generator 3 may also receive the frequencies, F, and 
interference graph, G. It is the task of the generator 3 to estimate an 

25 assignment scheme for all of the APs. That is to say, generator 3 is 
operable to receive the value r v for each AP and then attempts to 
assign each AP a number of slots in accordance with its r v value 
(hereinafter called "slot assignment") taking into consideration, 
however, the patterns dictated by interference graph, G. In addition to 

30 assigning a number of slots, the generator 3 is operable to assign 
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specific slots, to each AP (i.e., the slot sequencing) within a CFP as 
well as selecting the frequency each AP will transmit at within the 
time period associated with its so-assigned slot. Generator 3 attempts 
to assign as few total slots as possible in order to minimize the total 
5 number of slots used while still making use of the slots /assignments 
r v sent to it from the decision unit 2 and in such a manner that no two 
interfering APs that are assigned the same frequency are assigned the 
same slot(s) (i.e., during a given slot only non-interfering APs transmit 
at a given frequency). 

10 [0013] Thereafter, the generator 3 forwards these estimated 
frequencies, slot assignments, slot sequences and a total number of 
slots, T, required to carry out the slot assignments on to the decision 
unit 2 via pathways 31,32. The decision unit 2 is then operable to 
compare the total number of slots, T, to the available number of slots, 

15 R. That is to say, the decision unit 2 must determine whether the 
generator 3 has assigned a number of slots which exceeds the number 
of available slots in a given CFP. If this comparison results in a 
determination that the number of assigned slots generated by the 
generator 3 is less than the number of available slots, then decision 

20 unit 2 stores the frequencies, slot assignments and slot sequences 
generated in the generator 3 because the frequencies, slot 
assignments and slot sequences may, in all practicality, be used. 

[0014] In addition, decision unit 2 may be operable to adjust the 
estimated slot-to-user ratios, p of each AP. That is, because the 

25 potential number of total slots assigned by generator 3 is less than a 
total number of available slots, R, the slot assignments generated by 
generator 3 may not be optimal. To optimize the slot assignments, the 
slot-to-user ratios p may be adjusted. In one embodiment of the 
present invention, the decision unit 2 may generate larger, estimated 

30 values for each AP's slot-to-user ratio p. 
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[0015] After generating new estimates for the slot-to-user ratios, 
decision unit 2 is further operable to generate new slot assignment 
values for r v and to forward these new, estimated values for r v on to 
the generator 3. In response, generator 3 is operable to generate a 
5 next set of possible frequency, slot assignments and slot sequences, 
again using as few slots as possible. 

[0016] Backtracking, if, however, the number of total slots 
assigned by generator 3 exceeds the number of available, possible 
slots, R, then the decision unit 2 does not store the frequency, slot 

10 assignments and slot sequences because they are impractical. 
Instead, in a further embodiment of the present invention, the 
decision unit 2 again adjusts the slot-to-user ratios p. More 
specifically, the decision unit 2 decreases the slot-to-user ratio of each 
AP. Thereafter, the decision unit 2 generates new values for r v and 

15 forwards these values on to generator 3. As before, upon receiving 
these new values, generator 3 is operable to generate frequency, slot 
assignments and slot sequences for each AP. 

[0017] The process described above continues until the slot-to- 
user ratio measured by the decision unit 2 upon receiving a particular 

20 frequency and slot assignment scheme, reaches a maximal, lower 
bound for all APs. This ratio represents a slot assignment scheme 
which results in a fair assignment of slots to each AP based on the 
relative number of users associated with each AP. When this point is 
reached, the decision unit 2 stores the frequencies, slot assignments 

25 and slot sequences generated by the generator 3 and applies these to 
each AP. 

[0018] It should be understood that the maximal, slot-to-user 
ratio is designed to ensure that each AP is assigned a fair number of 
slots in proportion to its associated number of users. That is, the 
30 greater the number of users associated with each AP, the greater the 
number of slots which should be assigned or allocated to that AP and 
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vice-versa (the lower the number of users associated with each AP, the 
lower the number of slots that should be assigned to each AP). 

[0019] Unit 1 shown in FIG. 1 is operable to determine the 
number of slots to assign to each AP in order to achieve this 
5 "fairness." Again, this fairness may be achieved when a slot-to-user 
ratio measured by decision unit 2 equals a maximal lower bound. 

[0020] From FIG. 1, it can be seen that the decision unit 2 may 
be made up of a number of units including a network interface 21, 
slot generation unit 22 and a control unit 20. As indicated before, the 

10 decision unit 2 receives a number of inputs which may be initially 
input, for example, into the network interface 21 or the like. Upon 
receiving these inputs, the network interface 21 may be operable to 
forward one or more of these inputs to the slot generation unit 22. In 
one embodiment of the present invention, the slot generation unit 22 

15 may be operable to generate the initial and subsequent estimates of 
the slot-to-user ratios p and slot assignments r u . 

[0021] The other component shown within the decision unit 2 is 
the control unit 20. The control unit 20 may be operable to receive 
the frequencies, slot assignments and slot sequences from the 
20 generator 3 and then carry out the comparisons discussed above and 
below. 

[0022] Before going further, it should be noted that though the 
decision unit 2 is shown comprising three components and the 
generator 3 is shown comprising a single component, this is just for 

25 illustrative purposes only. The decision unit 2 and generator 3 may 
comprise more or less components than shown and still operate 
according to the spirit of the present invention provided the number of 
components carry out the features and functions of the present 
invention. In addition, it should be noted that the components of the 

30 decision unit 2 and the generator 3 may be implemented in software, 
hardware, firmware or some combination of the three. Finally, it 
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should also be noted that though the decision unit 2 is shown 
separate from the generator 3, in fact the two can be combined into 
one unit or further broken down into additional units provided, again, 
these units (or unit) carry out the features and functions of the 
5 present invention. 

[0023] Having presented an overview of the present invention, 
the following presents a more detailed explanation of the features and 
functions of the present invention. Throughout the discussion which 
follows, the terms "3-approximation technique" and "4-approximation 

10 technique" will be used. It should be understood that a 3- 
approximation technique involves a technique where each AP uses a 
single frequency. In contrast, a 4-approximation technique allows for 
the use of multiple frequencies. That is, an AP is allowed to transmit 
data on one of a plurality of frequencies instead of just on a single 

15 frequency. 

[0024] In one embodiment of the present invention, G = (V, E) is 
an interference graph, such as the one defined in co-pending U.S. 

Patent Application No. the disclosure of which is 

incorporated herein by reference, where G is a unit disk graph. 

20 Initially, a so-called "coloring problem" can be formulated for G. 
Hereafter, the word "color" and slot may be used interchangeably. 
Those of ordinary skill in the art will recognize the two terms as being 
synonymous. The present invention assumes that each node (i.e., AP) 
veV is associated with an integer requirement r u £ 1, which is the 

25 number of distinct colors required by node v. A coloring problem for G 
may be formulated as an assignment of a number of r v distinct colors 
Sv to every node ve V, such that no common color is assigned to the 
two end nodes of any edge (u, v) e E , i.e., S«nSv = 0 and the total 
number of colors used jUvevSVl is minimized. Thereafter, a joint 

30 coloring and frequency assignment problem may be formulated for G. 
In addition to identifying a coloring scheme for a group of nodes of G, 
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frequencies from a given set F also need to be assigned to the group of 
nodes of G. Each node v is assigned a single frequency fie F and 
S u nSv = Q for only those edges (u, v) e E , such that fu = fi, in order to 
minimize the total number of colors used, |Uve v Sv\ . 

5 [0025] Existing techniques have demonstrated that deciding 
whether or not a unit disk graph with unit requirements (i.e., a 
situation where all APs require exactly one slot) can be colored with 3 
colors is NP-complete. This implies that both the joint coloring and 
frequency assignment formulations discussed above cannot be 
10 approximated to a ratio of 4/3 or better unless P = NP. It has also 
been shown that deciding whether or not a unit disk graph with unit 
requirements can be colored with k colors is also NP-complete for all k 
> 3. It should be noted that this implies that a more general coloring 
and frequency assignment problem is also NP-complete for k > 3. 

15 [0026] In one embodiment of the present invention, the 
shortcomings of existing 3 -approximation techniques are overcome by 
a 4-approximation technique of the present invention that jointly 
colors and assigns frequencies following the steps outlined earlier and 
as described further herein. It should be noted that when just a 

20 single frequency is involved (i.e., 3-approximation technique), the 
coloring and assignment schemes are substantially the same as a 
coloring scheme only. 

[0027] To explain the 4-approximation technique, we begin first 
with some definitions and assumptions. For a unit disk coloring 
25 problem with general requirements, where a set of neighbors of node u 
in a graph G is denoted by n(v), it is assumed that the colors are 
numbered 1,2,3,... etc. and the location of the associated APs (i.e., the 
center of the unit disks) are known. The above-mentioned 
assumptions help simplify the explanation which follows. 
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[0028] Before going further, however, it should be further noted 
that the results generated by the present invention also extend to the 
case where the locations of the APs may be unknown. 

[0029] Continuing, let uj,U2...u n be the nodes of G ordered by the 
5 non-decreasing X-coordinate of their locations. The 4-approximation 
technique provided by the present invention may process node 
vertices in a reverse order v n ,Vn-i...vi and apply a generalized first-fit in 
order to assign frequencies /colors. Let Af(v/) c n(v/) be the set of 
neighbors of node vt among the nodes Di+j, Ui+2... t>n. Thus, Af(vn) = 0 . 

10 [0030] In a further embodiment of the present invention, the 4- 
approximation technique may also take vt into consideration. When 
this is done, all of the nodes in N(vJ have already been assigned colors 
and frequencies. Let N/(v/) £ N(yt) be the set of neighbors of node vt in 
N(vO that have been assigned frequency /eF by the 4-approximation 

15 technique. When this occurs, the sets N/(v),fe F form a partition of 
N(v) for all v in G. 

[0031] In yet another embodiment of the present invention, the 
4-approximation technique determines frequency assignments for 
node Vi, by applying a first-fit, for each possible frequency feF. In 

20 other words, assuming a frequency/, the present invention computes 
a least number r w of colors that can be assigned to vu while 
considering only the nodes in N/fuJ. Then, the present invention 
selects that frequency / for which the largest number of colors 
assigned to u* by a first-fit step is minimized (ties are broken 

25 arbitrarily) and assigns, accordingly, a set of colors to node u*. 

[0032] Table 1 summarizes some of the steps of the 4- 
approximation technique just discussed. 
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Table 1 . 

For i = n down to 1 
mtnMaxColor = oo 
f=0 

For j = 1 up to | F| /* Compute best freq. / for vt*/ 
C = r« -th largest avail, color for Vi for freq. fj 
If mtnMaxColor > C then 
mtnMaxColor = C 

/=JS 

End If 
End For 

Assign rv. minimum avail, colors for freq. /to ue 
Assign freq. f to Vt 
End For 


[0033] In another embodiment of the present invention, an 
interference graph G, like that shown in FIG. 2, comprises a plurality 
of nodes a-f that may be ordered by the non-decreasing X-coordinate 
5 of their locations, yielding a sequence a,b,c,d,ej. Let F consist of two 
frequencies fi and f2- A 4-approximation technique provided by the 
present invention may first assign color 1 and frequency fi to node f. 
For the next node (node e), the smallest available color for frequency fi 
is 2 and for frequency J2 is 1. Hence, the 4-approximation technique 

10 provided by the present invention may assign color 1 and frequency f2 
to node e. It should be noted that at this point, the set of available 
colors for node d includes all colors except color 1 for both frequencies 
fi and f2. Continuing, colors 2 and 3 and frequency fi may be 
assigned to node d; colors 2 and 3 and frequency J2 may be assigned 

15 to node c; color 1 and frequency J2 may be assigned to node b; and 
colors 1 and 2 and frequency fi may be assigned to node cl Thus, the 
total number of colors used by the present invention given the 
interference graph G in FIG. 1 with two frequencies is 3, which is 
optimal. 
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10 


15 


20 


25 


[0034] The 4-approximation technique may also be used to 
formulate a unit disk coloring and frequency assignment problem. 

[0035] Recalling that the present invention seeks to assign slots 
based on maximizing a lower bound of slot-to-user ratios, a corollary 
maximum, max^n,, may be defined as a maximum of a lower bound on 
the total number of colors used by an ideal solution. This follows from 
the fact that the colors assigned to any node must all be distinct. 

[0036] In yet a further embodiment of the present invention, the 
inventors discovered that the total number of colors used by the 4- 
approximation technique is at most 


K = maxi 


JueN(vi) 


r u + r vi 


+ max v r v , 


(1) 


[0037] The total number of colors, K, given by Equation (1) may 
be compared to an ideal color/ slot assignment. 

[0038] For the sake of argument, suppose Equation (1) did not 
represent the total number of colors. Suppose further that a violation 
first occurs when node vj is considered (e.g., vj is assigned a color 
greater than K). Given these circumstances, a maximum number of 
colors, for every frequency /, among a set of colors, is computed by 
applying a first-fit approximation to the set of colors assigned by the 
4-approximation technique to nodes Njfvj). This maximum must be 
strictly greater than 


r u + rvj 


ii 


+ r vj . 


(2) 


[0039] Thus, for every frequency / the number of distinct colors 
assigned by the 4-approximation technique to nodes in Njfvj) is strictly 
greater than 


r u 


ii 


, implying that 
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10 


15 


20 


ru > 


for all f. But, this cannot happen 


because the sets Nj(vj) f fe Fform a partition of the set N(vj) and would 
thus imply that 


5> = Z 2>>fl 

ueN(vj) f ueNf(vj) 


r u 


(3) 


[0040] In sum, the present inventors believe that Equation (1) 
does in fact represent a total number of colors that can be used by the 
4- approximation technique of the present invention. 

[0041] Though Equation (1) represents the total number of colors 
which may be used by the 4-approximation technique of the present 
invention, this number of colors may not represent the number of 
colors which may be used by an ideal coloring and frequency 
assignment technique. 

[0042] In fact, the present inventors discovered that any coloring 
and frequency assignment technique must use a number of colors 
given by : 


max 


ueN(vi) 


r u + r vi ) 


(3|F|) 


colors 


(4) 


[0043] One way to prove that Equation (4) represents the number 
of colors used by an optimal coloring and frequency assignment 
technique of the present invention is as follows. Suppose uj,U2...Un are 
nodes of G ordered by the non- decreasing X-coordinates of their 
locations. As such, node vi can be shown to have the minimum X- 
coordinate among all nodes in {vi} U N(vi). It has been shown 
previously that the set of nodes {vi} (J N(vJ do not contain an 
independent set of size more than 3 in G. Thus, the nodes {vi} U N(vd 


25 require at least 


<z 


ut=N(vi) 


r u + r v .) 


(3|F|) 


distinct colors in any feasible coloring 
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10 


15 


20 


25 


of G. This is because the nodes assigned a particular color and a 
particular frequency must form an independent set of G. Thus, any 
coloring and frequency assignment technique must use at least 

(S^ r u + rw) 
(3|F|) 


colors. Taking the maximum for all U the desired 


result given by Equation (4) may be obtained. 

[0044] In a further embodiment of the present invention, it can 


be shown that |V]<3 


for all non-negative real numbers x. Thus, 


Equations (1) and (4) can be rewritten as: 


max 


JueN(vi) 


r u + rv 


< 3 max. 


r u + r V i 


3\F\ 


(5) 


[0045] Recall from Equation (1) that the number of colors used 
by the 4-approximation technique is at most 


max 


iueW(v/) 


r u + r vi ) 


x max vrv , 


which 


is 


at 


most 


3 max I 


<ueN(vi) 


r u + r vi ) 


(3|F|) 


+ max vr v . In sum, it can be said that the 4- 


approximation technique of assigning slots provided by the present 
invention has analytical bounds, that being, in a worst case scenario 
the slot assignments provided by one iteration of the present invention 
(one cycle through the operation of decision unit 2 and generator 3) 
yields results which are no more than 4 times the number of slots of 
an ideal solution. 

[0046] As described earlier, the problem of providing fairness is 
equivalent to assigning slots (colors) to access points in a superframe 
such that the total number of slots (colors) assigned to an access 
point v in a superframe is proportional to the number of stations rriv 
associated with the access point. In addition, fairness is associated 
with the additional goal of maximizing the throughput of the system. 


13 


Attorney Docket No.: 29250-00 1097 /US 
Lucent Case Name: 1 25762 /BEJERANO 6-6 


In one embodiment of the present invention, slot sizes are assumed to 
be at least A time units. Let D denote the configured CFP in time 
units. Thus, the maximum number of slots in a CFP cannot exceed 
Thus, the problem of providing fairness cam be formulated 

5 as a problem of finding the largest rrdn-slots-to-users ratio p such that 
there is a feasible superframe slot assignment in which access point 
veV is assigned rv = [p-m v ~] slots. Note that a superframe slot 

assignment is feasible if there is a coloring and frequency assignment 
of the underlying graph G = (V,E) in which node veV has 
10 requirement r v and the total number of colors used is at most 
R = [p7 a\. Those of ordinary skill in the art will recognize that the 

slot-assignment problem as stated above is very hard to solve 
optimally and even approximately. Recognizing this, the present 
invention "relaxed" the problem to develop efficient solution(s). 

15 [0047] In yet an additional embodiment of the present invention, 
the problem was relaxed by realizing that no polynomial time constant 
approximation is possible for the slot- assignment problem unless P = 
JVP. 

[0048] One proof of this statement is as follows. For the sake of 
20 argument, assume a c-approximation technique X for some constant c 
for the slot- assignment problem. This implies that X outputs a p > cp* 
where p* is the optimal min-slots-to-users ratio. It can be shown that X 
can be used to decide whether a unit disk graph with all unit 
requirements and a single frequency can be colored with 3 colors. 
25 This is an NP-hard problem, implying that X does not exist unless P = 
NP. Given a unit disk graph H = (V, E), an instance of the slot- 
assignment problem is created with G = H, rriv = 1 for all vgV\ total 
number of slots (colors) R = 3 and a single frequency. Note that if H is 
3-colorable then for G the value of p = k > 1 for some k and if H is not 
30 3-colorable then p = 0. In the former case X outputs p > kc while in 
the latter case X outputs p = 0. Because 0 < kc the return value of X 
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can be used to determine if H is 3-colorable or not, thus, establishing 
that the slot- assignment problem is hard to approximate. 

[0049] In light of the above, the present inventors turned to a 
different bi-criteria approximation for the slot-assignment problem. 
5 They defined an (a, (3) approximation to be one that computes the 
value of p to within a factor a < 1 of the optimal min-slots-to-users ratio 
where the optimal is only allowed at most [_RI P\ slots. Note that the 

discussion above implied that a (c, 1) -approximation is not possible for 
any constant c. However, allowing an optimal solution to use a less, 
10 total number of slots is equivalent to restraining the optimal solution 

to use a bigger slot size since the size of a CFP is fixed at D time 
units. 

[0050] In one embodiment of the present invention, a (1,3)- 
approximation technique X for the slot-assignment problem may be 
15 used when there is a single frequency. The X technique works by 
guessing (i.e., estimating) a value for the min-slots-to-users ratio p. For 
a particular guess of p, the technique sets r v = [p- mJ] for all veV . 

Next, a unit-disk graph coloring technique is used to color the 
underlying graph. Let J[p) denote the number of colors used for 
20 coloring this graph for the choice of p, where f[p) is a monotonically 
non-decreasing function of p. Technique X uses a binary search over 
p to compute the largest value p* for which JJp 0 ) < R and then outputs 
p = p*. Note that technique X need only consider those values of p for 
which max v \p • mJ\ < R . 

25 [0051] The inventors also concluded that technique X is a (1, 3)- 
approximation technique for the slot-assignment problem when only 
one frequency is used and a (1,4) approximation when multiple 
frequencies are used. However, the proofs related to these 
conclusions are not necessary for an understanding of the present 

30 invention and have therefore been omitted. 
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[0052] The present inventors carried out simulations to compare 
the performance of the present invention with that of an existing 
WLAN. 

[0053] In the simulations, the inventors used an 802. 1 1 network 
5 with 50 APs, uniformly distributed over a grid of 1000 x 1000. Each 
AP had a transmission range of 100 units. This AP distribution was 
picked to ensure complete coverage of the grid. A layout approach 
was followed. It was assumed that 1000 mobile stations would always 
have pending messages to send. A message length of 1500 bytes 
10 (12000 bits) and a superframe size of 150 ms were used. Each 
simulation involved running a system according to the present 
invention for 1 minute and observing its behavior. 

[0054] The inventors carried out simulations using both a single 
frequency and optimal frequency planning when there were 3 non- 
15 interfering frequencies, at different bit rates ranging from 1 to 10 
Mbps per AP and for different CFP window sizes ranging from 10 ms 
to 140 ms. The results presented herein, unless noted otherwise, are 
for a system having an optimal frequency planning of 3 frequencies at 
a 10 Mbps bit-rate, and a CFP window size of 80 ms. That said, the 
20 results herein aire typical for all of the simulations carried out by the 
inventors. Ideal network planning was used to illustrate the unfair 
behavior of existing Distributed Coordinated Function (DCF) and Point 
Coordinated Function (PCF) modes even in optimally planned 
networks. 

25 [0055] The first metric used to measure the relative performance 
of the present invention as compared to a known 802.11 based 
WLANs was intra-AP fairness. Here, the normalized efficient 
bandwidth of stations (e.g., mobile devices) was measured as a 
function of their distance from their associated APs. The normalized 

30 efficient bandwidth for a user/mobile device is computed by dividing 
the efficient bandwidth of the user by the average efficient bandwidth 
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of all users associated with an AP. Both the average and the 
minimum values for the normalized efficient bandwidth were 
measured for both PCF and DCF modes, and then compared to that of 
the present invention. Note that an ideal (fair) system should have 
5 both an average and minimum normalized station efficient bandwidth 
of 1 at all distances from an associated AP. FIG. 3 shows results 
associated with a known 802.11 system in PCF and DCF modes for 
both the average and minimum normalized network efficiency of 
stations within the transmission range of the AP, while FIG. 4 shows 

10 results associated with the present invention using the same 

parameters for three different CFP window sizes: 20 ms, 80 ms and - 
120 ms. These results show that in 802.11 systems the normalized 
efficient bandwidth of stations far away from an AP is close to 0, both 
for the average and minimum metrics. On the other hand, systems 

15 operating in accordance with the present invention have average and 
minimum normalized station efficient bandwidths close to 1 at all 
distances even for a CFP window of 80 ms. The behavior of systems 
operating in accordance with the present invention is very close to 
that of an ideal system even when a CFP window size is 120 ms. 

20 [0056] The second metric used was inter- AP fairness. Here the 
minimum and average efficient bandwidths of all stations in a system 
are measured as a function of the CFP window size. The results 
presented in FIG. 5 are for a rate of 10 Mbps and indicate that the 
minimum value is almost 0, indicating starvation, in both PCF and 

25 DCF modes for all CFP window sizes in existing systems. In contrast, 
in the present invention as the CFP window size is increased, the 
minimum value rapidly approaches the average efficient bandwidth of 
all stations. Even for small CFP window sizes the gap between the 
minimum and the average is not significant. These results show that 

30 the present invention is starvation free and provides excellent fairness. 

[0057] The third metric used was the overall system throughput 
(i.e., the average efficient bandwidth of all stations times the number 
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of stations). Multiplying the results for the average efficient 
bandwidth in Figure 5 by 1000 gives the system throughput, as a 
function of the CFP window size. The results showed that even for 
large CFP window sizes, the overall system throughput of a system 
operating according to the present invention is comparable to that of 
existing 802. 1 1 networks. Moreover, it was noticed that there is an 
optimal CFP size of 130 ms for the present invention, at which the 
minimal efficient bandwidth of any station is maximized. 

[0058] Having presented a discussion of some examples of the 
present invention, it should be noted that modifications may be made 
to those examples. Such modifications may still be within the spirit 
and scope of the present invention as defined by the claims which 
follow. 
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